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The o b j e c t i v e  of t h i s  s t u d y  i s  t o  i d e n t i f y  t h e  t r a n s f o r m a t i o n s  t h a t  occur  i n  
c o a l  o r g a n i c  s t r u c t u r a l  u n i t s  d u r i n g  l i q u e f a c t i o n .  To e n s u r e  t h a t  main ly  pr imary  
r e a c t i o n s  a r e  b e i n g  o b s e r v e d ,  t h e  s t u d y  h a s  f o c u s e d  on s h o r t  c o n t a c t  t ime 
d i s s o l u t i o n  i n  donor  s o l v e n t  media .  It h a s  been  shown by Neavel  t h a t  under SCT 
c o n d i t i o n s  a s i g n i f i c a n t  amount o f  b i t l iminozc  c o a l s  can  be d i s s o l v e d  ( 1 ) .  
Whitehurs t  e t  a l .  hdve r e p o r t e d  an i n  d e p t h  s t u d y  of t h e  SCT r e a c t i o n  on s e v e r a l  
c o a l s .  In o u r  s t u d y  we have examined t h e  r e l a t i o n s h i p  between t h e  c o m p o s i t i o n a l  
parameters  of t h e  c o a l s  and b o t h  t h e i r  r e a c t i v i t y  and product  chemica l  c h a r a c -  
t e r i s t i c s .  Given and h i s  co-workers  examined t h e  e f f e c t s  of c o a l  c h a r a c t e r i s t i c s  on 
l o n g e r  c o n t a c t  t i m e  l i q u e f a c t i o n  ( 3 - 5 ) .  T h i s  work by Given i s  one of t h e  f i r s t  
a p p l i c a t i o n s  of s t a t i s t i c a l  a n a l y s i s  t o  t h i s  t y p e  of problem. Howevcr, e i t h e r  
benzene ( 3 )  o r  e t h y l  a c e t a t e  ( 4 , 5 )  was used t o  e x t r a c t  t h e  p r o d u c t s  and c o n v e r s i o n  
was c a l c u l a t e d  from t h e  weight  o f  t h e  i n s o l u b l e  r e s i d u e .  S i n c e  t h e  benzene 
i n s o l u b l e ,  p y r i d i n e  s o l u b l e  f r a c t i o n ,  o f t e n  c a l l e d  a s p h a l t o l s  o r  p r e a s p h a l t e n e s ,  i s  
a key i n t e r m e d i a t e  i n  t h e  i n i t i a l  s t a g e  of c o a l  l i q u e f a c t i o n  ( 6 , 7 ) ,  we would l i k e  t o  
c o r r e l a t e  t h e  s o l u b i l i t y  i n  hexane ,  b e n z e n e l e t h a n o l ,  and p y r i d i n e  w i t h  c o m p o s i t i o n a l  
parameters .  

We have r e c e n t l y  s t u d i e d  t h e  SCT r e a c t i o n  of s e p a r a t e d  c o a l  m a c e r a l s  (8).  In 
o r d e r  t o  s e p a r a t e  t h e  m a c e r a l s  by d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  i t  was n e c e s s a r y  
t o  d e m i n e r a l i z e  t h e  c o a l s  w i t h  H C 1  and HF and g r i n d  rhem t o  l e s s  t h a n  3 microns .  I t  
h a s  been shown t h a t  m i n e r a l  m a t t e r  e x e r t s  a b e n e f i c i a l  and p o s s i b l y  u n p r e d i c t a b l e  
e f f e c t  on t h e  c o a l  d i s s o l u t i o n  ( 2 , 9 - 1 1 ) .  To examine t h e  e f f e c t s  of t h e  d e m i n e r a l i -  
z a t i o n  and g r i n d i n g ,  a s e r i e s  of 21 o f  t h e  t r e a t e d  u n s e p a r a t e d  c o a l s  were s t u d i e d .  
The o r i g i n a l  raw c o a l s  were o b t a i n e d  from t h e  Penn S t a t e  Coal  Sample Bank. I t  was 
o b s e r v e d  u s i n g  m u l t i v a r i a t e  a n a l y s i s  t h a t  p roduct  s o l u b i l i t y ,  which was used t o  
d e t e r m i n e  c o n v e r s i o n ,  can  be p r e d i c t e d  from l i n e a r  c o m b i n a t i o n s  of c a r b o n ,  hydrogen ,  
d e n s i t y  and e x i n i t e  c o n t e n t .  

A f t e r  c o n s i d e r i n g  t h e s e  r e s u l t s ,  we  f e l t  t h a t  i n  o r d e r  t o  make t h e  s t u d y  more 
c o m p l e t e ,  it would be  u s e f u l  t o  s t u d y  a n o t h e r  set of c o a l s  which had n o t  been  
d e m i n e r a l i z e d .  D r .  R ichard  Neavel  c o n s e n t e d  t o  s u p p l y  us  w i t h  a set of 25  c o a l s  
f rom t h e  Exxon Coal  L i b r a r y .  These s a m p l e s  a r e  e s s e n t i a l l y  "premium" c o a l s  which 
have been  p r o t e c t e d  from o x i d a t i o n  and a r e  homogeneous. The p r e p a r a t i o n  and some of 
t h e  p r o p e r t i e s  have been d e s c r i b e d  ( 1 2 ) .  An a d v a n t a g e  of u s i n g  t h i s  set of c o a l s  i s  
t h a t  o t h e r  s t r u c t u r e  s t u d i e s  a r e  i n  p r o g r e s s  i n  o t h e r  l a b o r a t o r i e s  and i n  t h e  
Fundamental  Chemis t ry  of C o a l s  program a t  ANL. T h i s  i n f o r m a t i o n  w i l l  be u s e f u l  i n  
i n t e r p r e t i n g  t h e  r e s u l t s  from t h e  SCT r e a c t i o n .  

E x p e r i m e n t a l  

SAMPLES A n a l y t i c a l  d a t a  f o r  t h e  d e m i n e r a l i z e d  c o a l s  are g i v e n  i n  T a b l e  1 .  The 
Exxon c o a l s  a r e  d e s c r i b e d  i n  r e f e r e n c e  1 2 .  

SCT REACTION T y p i c a l l y ,  100 mg o f  c o a l  sample  and 300 mg o f  t e t r a l i n  were 
t r a n s f e r r e d  t o  a t h i c k  w a l l  g l a s s  t u b e  f l u s h e d  w i t h  n i t r o g e n ,  s e a l e d ,  and plunged 
i n t o  a p r e h e a t e d  f l u i d i z e d  sand  b a t h  a t  419°C f o r  6 m i n u t e s .  For t h e  d e m i n e r a l i z e d  
c o a l s  60 mg c o a l  and 240 mg of t e t r a l i n  were u s e d .  A f t e r  t h e  g l a s s  t u b e  w a s  c o o l e d  
i n  a i r  and o p e n e d ,  t h e  c o n t e n t s  were washed o u t  w i t h  hexane ,  a g i t a t e d  i n  a n  
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ultrasonic bath, and centrifuged. The supernatant was removed and the insoluble part 
Was washed with three portions of hexane. The hexane insoluble fraction was then 
extracted successively with portions of benzene/ethanol ( 1 : l )  mixture, and 
pyridine. Each insoluble fraction was dried under vacuum at 60°C (80°C for the 
pyridine insoluble fraction) and weighed. Conversion was calculated as follows: 

conversion (X,daf) = ut. of coal - wt. of insoluble fraction 104 wt. of coal (I-% ash) 

The benzene solubility was dropped for the Exxon coals when it was found that 
with the demineralized coals only a few percent more were soluble in benzene 
compared to hexane. 

Approximate molecular weight or size distribution was determined by gel 
permeation chromatography for the benzene-ethanol soluble products for both the 
series of demineralized coals and for the Exxon coals. The samples were eluted with 
THF through a set of three ultra-styragel columns (Waters Associates) having 1,000, 
500 and 100 8, nominal pore diameters respectively. The size exclusion limit was 
approximately 10,000. This set of columns was calibrated using several polymers and 
large nonpolymeric molecules that could be found in coals. The samples were 
detected using a W spectrometer set at 254 nm, and the output digitized and stored 
using a microcomputer (DEC LSI 11/23). The data was further processed on a DEC VAX 
11/780 computer. 

Proton NMR data were obtained on the benzene/ethanol s o l u b l e  product from the 
reactive Exxon coals. Pyridine-d5 was used as the solvent and spectra were obtained 
on a Nicolet 200 MHz instrument. Using the measured areas under the aliphatic and 
aromatic regions, the fraction of aromatic carbons (fa) was determined from the 
Brown-Ladner equation (11 ) .  

RESULTS AND DISCUSSION 

For both sets of coals the first aspect of the data which we examined was the 
relationship between composition of the whole coal and the yield of the soluble 
products. The benzene-ethanol solubility data which was calculated on a wt% of coal 
(dmmf) is shown in Figure 1 as a function of carbon content. A multivariant 
analysis was performed on this data using the Statistical Analysis System (SAS) 
package. The correlations observed for these samples were much poorer than those 
obtained for the set of demineralized coals. Some representative R2 values are 
given for a selected combination of variables. 

Hexane Benzene /E t O H  Pyridine 
DC Exxon DC Exxon DC Exxon - - __ - ~ 

C 0.919 
C,H 0.957 

0.781 0.843 0.130 0.565 0.027 
0.841 0.918 0.490 0.781 0.477 

DC = demineralized coals. 

A plot of predicted and observed benzene-ethanol solubility is shown in Figure 2 .  
This difference found between the two sets of coals may be due to at least two 
reasons. First, the Exxon coals were not demineralized, and the effects of mineral 
matter on SCT dissolution may be critical and unpredictable. It should be 
emphasized that the Exxon coals were processed to give low mineral matter content 
and in the multivariant analysis, inclusion of the high mineral matter coals did not 
significantly affect the analysis. Secondly, there is a difference in particle 
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s i z e ,  which should  i n f l u e n c e  t h e  v a r i a t i o n s  i n  y i e l d s  t o  a lesser d e g r e e .  One would 
e x p e c t  t h e  s m a l l e r  p a r t i c l e  s i z e  samples  t o  g i v e  a h i g h e r  s o l u b i l i t y ,  hu t  i t  i s  
d i f f i c u l t  t o  deduce why t h e  d i f f e r e n c e  i n  c o r r e l a t i o n  w i t h  c o m p o s i t i o n  r e s u l t s .  I t  
h a s  been  r e p o r t e d  by W h i t e h u r s t  et a l .  ( 2 )  t h a t  d e m i n e r a l i z a t i o n  i n c r e a s e s  y i e l d s  a t  
s h o r t  c o n t a c t  t i m e s  e s p e c i a l l y  f o r  lower  r a n k  c o a l s .  

It i s  a p p a r e n t  from F i g u r e  1 t h a t  f o r  t h e  lower  rank  c o a l s  t h e  d e m i n e r a l i z e d  
ones  are more r e a c t i v e  t h a n  t h e  u n t r e a t e d  c o a l s .  T h i s  c o u l d  a c c o u n t  f o r  t h e  more 
p r e d i c t a b l e  behavior  w i t h  rank  of t h e  d e m i n e r a l i z e d  c o a l s .  For t h e  Exxon c o a l s  i n  
t k i s  s t u d y  and as h a s  been shown i n  o t h e r  s t u d i e s  ( 2 )  t h e  lower  r a n k  c o a l s  a r e  less 
r e a c t i v e  under  SCT c o n d i t i o n s  compared cu t h e  h i g h  v o l a t i l e  h i t u m i n o u s  c o a l s .  

V a r i a t i o n s  observed  i n  m o l e c u l a r  s i z e  d i s t r i b u t i o n  as a f u n c t i o n  of composi t ion  
a p p e a r s  to be more s i m i l a r  between t h e  t w o  sets of c o a l s .  A r e l a t i v e  m o l e c u l a r  
weight  o r  s i z e  d i s t r i b u t i o n  was o b t a i n e d  f o r  a l l  t h e  c o a l  p r o d u c t s  under  i d e n t i c a l  
c o n d i t i o n s .  The a b s o l u t e  v a l u e s  d e t e r m i n e d  f o r  t h e  m o l e c u l a r  w e i g h t s  cannot  be 
t r u s t e d  f o r  c o a l  d e r i v e d  materials.  However, compar isons  of t h e  r e s u l t s  f rom c o a l  
p r o d u c t s  run  under  s t a n d a r d  c o n d i t i o n s  c a n  be u s e f u l .  An example of one of t h e  
chromatograms is shown i n  F i g u r e  3 .  Most of t h e  chromatograms had i n f l e c t i o n  p o i n t s  
a t  m o l e c u l a r  w e i g h t s  of a p p r o x i m a t e l y  300 and 700. A l l  of t h e  chromatograms were 
d i v i d e d  i n t o  t h r e e  a r e a s  a t  0-300, 300-700, and 700-10,000, and t h e  r e l a t i v e  a r e a s  
of t h e  t h r e e  r e g i o n s  d e t e r m i n e d .  

In t h e  i n i t i a l  SCT s t u d y  of t h e  m a c c r a l  c o n c e n t r a t e s ,  i t  was observed  t h a t  t h e  
a v e r a g e  m o l e c u l a r  weight  d e c r e a s e d  w i t h  d e c r e a s i n g  c o n v e r s i o n  (8 ) .  I n  b o t h  s e t s  of 
whole c o a l s  t h i s  t r e n d  i s  f o l l o w e d .  I n  o r d e r  t o  l o o k  a t  t h e  r e s u l t s  i n  a more 
q u a n t i t a t i v e  way, p r i n c i p a l  component a n a l y s i s  h a s  been a p p l i e d  t o  t h e s e  d a t a .  This  
a p p r o a c h  has been e l o q u e n t l y  d e s c r i b e d  by Yarzab  e t  a l .  ( 4 ) .  The o b j e c t i v e  of t h i s  
a n a l y s i s  i s  t o  i d e n t i f y  v a r i a b l e s ,  such as o r i g i n a l  c o a l  composi t ion  and m o l e c u l a r  
w e i g h t  d i s t r i b u t i o n s ,  which change i n  a p a r a l l e l  f a s h i o n .  The v a r i a b l e s  t h a t  meet 
t h i s  c r i t e r i a  a r e  a s s i g n e d  t o  a “ f a c t o r ” .  A c o e f f i c i e n t  i s  c a l c u l a t e d  f o r  e a c h  
v a r i a b l e  i n  each  f a c t o r .  The c l o s e r  t h e  c o e f f i c i e n t  o r  l o a d i n g  i s  t o  f l . O  t h e  
b e t t e r  t h e  v a r i a b l e  c o r r e l a t e s  w i t h  t h a t  f a c t o r .  Loadings  w i t h  o p p o s i t e  s i g n s  
i n d i c a t e d  t h a t  t h e s e  p r o p e r t i e s  are i n v e r s e l y  c o r r e l a t e d .  

The r e s u l t s  o f  t h e  p r i n c i p l a l  component a n a l y s i s  a r e  shown i n  T a b l e s  2 and 3 
f o r  t h e  d e m i n e r a l i z e d  and Exxon c o a l s  r e s p e c t i v e l y .  C o e f f i c i e n t s  of l e s s  t h a n  f0.5 
have  been l e f t  ou t  s i n c e  t h e y  are less s i g n i f i c a n t  and i t  makes i t  e a s i e r  t o  s e e  t h e  
c o r r e l a t i o n s .  I n  b o t h  s e t s  of d a t a  t h e  carbon c o n t e n c  is d i r e c t l y  c o r r e l a t e d  w i t h  
t h e  LMW band and i n v e r s e l y  w i t h  t h e  HMW. The r e v e r s e  is t r u e  f o r  t h e  oxygen c o n t e n t  
and f o r  t h e  Exxon s e t ,  v o l a t i l e  m a t t e r ,  which i n v e r s e l y  c o r r e l a t e s  w i t h  LMW and 
d i r e c t l y  w i t h  HMW. The MEW band is i n d e p e n d e n t  of any of t h e  v a r i a b l e s  used i n  t h i s  
a n a l y s i s  and was a s s i g n e d  t h e  4 t h  and l e a s t  s i g n i f i c a n t  f a c t o r .  The v a l u e s  a t  t h e  
bot tom of e a c h  t a b l e  i n d i c a t e  t h e  c o n t r i b u t i o n  made by e a c h  f a c t o r  i n  e x p l a i n i n g  
v a r i a n c e  observed .  It a p p e a r s  t h a t  t h e  m o l e c u l a r  d i s t r i b u t i o n  of t h e  p r o d u c t s  i n  
SCT d i s s o l u t i o n  is a f u n c t i o n  of rank .  A p l o t  of t h e  h i g h  m o l e c u l a r  weight  a r e a  a s  
a f u n c t i o n  of carbon c o n t e n t  i n  F i g u r e  4 a p p e a r s  t o  c o n f i r m  t h i s  o b s e r v a t i o n .  

The f a  v a l u e s  were d e t e r m i n e d  by NMR f o r  t h e  benzene-e thanol  s o l u b l e s  from t h e  
Exxon c o a l s .  FactOK a n a l y s i s  i n d i c a t e d  t h a t  t h e  f a  v a l u e s  i n v e r s e l y  c o r r e l a t e d  w i t h  
hydrogen c o n t e n t  of t h e  c o a l s  and w i t h  s o l u b i l i t i e s  i n  b o t h  benzene-e thanol  and 
p y r i d i n e .  A p l o t  of f a ’ s  a s  a f u n c t i o n  of hydrogen c o n t e n t  is shown i n  F i g u r e  5. 
These r e s u l t s  i n d i c a t e  a problem w i t h  u s i n g  s o l u b i l i t y  t o  d e t e r m i n e  c o n v e r s i o n .  As 
e x p e c t e d  t h e  more a l i p h a t i c  p r o d u c t s  t e n d  t o  be more s o l u b l e .  The same amount of 
bond c l e a v a g e  i n  a more a r o m a t i c  c o a l  could  have  a lower  y i e l d  by s o l u b i l i t y .  Prom 
t h i s  a n a l y s i s  i t  could  be e x p e c t e d  t h a t  f a  v a l u e s  of t h e  p r o d u c t s  s h o u l d  
a p p r o x i m a t e l y  f o l l o w  t h e  s o l u b i l i t y .  T h i s  is what i s  observed  i n  l:is:urc? 6 .  
N t h o u g h  t h e r e  is s i g n i f i c a n t  s c a t t e r  i n  t h e  p o i n t s  t h e  t r e n d  i s  a p p a r e n t .  
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Conclus ions  

Apparent ly  y i e l d s  from sc'r d i s s o l u t i o n  o f  f i n e l y  g r o u n d ,  d e m i n e r a l i z e d  c o a l s  
c a n  be more a c c u r a t e l y  p r e d i c t e d  t h a n  w i t h  t h e  d i s s o l u t i o n  of raw c o a l s .  G r o s s  
p r o d u c t  chemica l  c h a r a c t e r i s t i c s  do not  seem t o  d i f f e r  t o  a la rge  e x t e n t .  P r e s e n t l y  
we  a r e  examining  more d e t a i l e d  chemica l  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  p r o d u c t s  
u s i n g  p y r o l y s i s  mass s p e c t r o m e t r y  w i t h  p r e c i s e  mass measurements .  
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TABLE 1 

A n a l y t i c a l  Da ta  f o r  Demine ra l i zed  Coals 

Coal %Ca %Ha %Na %Sa % O a g b  %Ash %Ec %Vc %Ic Dens i ty  

PSOC-106 

PSOC-107 

PSOC-124 

PSOC-151 

PSOC-236 

PSOC-240 

PSOC-268 

PSOC-285 

PSOC-297 

PSOC-380 

PSOC-403 

PSOC-409 

PSOC-592 

PSOC-594 

PSOC-629 

PSOC-852 

PSOC-975 

PSOC- 10 05 

PSOC-1109 

u1 

S IU- 744A 

SIU-744B 

80.0 4.4 1.3 0.8 13.5 

78.7 4.7 1.5 0.4 14.7 

82.8 6.9 1.2 1.0 8.1 

75.0 4.9 0.8 0.4 18.9 

86.9 4.6 1.9 0.5 6.1 

67.5 5.0 1.2 1.7 24.6 

83.5 4.9 1.4 1.1 9.1 

77.5 4.9 1.4 4.4 11.8 

79.7 5.6 1.7 1.6 11.4 

89.5 3.4 1.1 0.6 5.4 

85.7 4.8 1.8 0.5 7.2 

87.1 4.2 1.9 1.5 5.3 

77.4 4.9 1.3 2.0 14.4 

75.0 4.8 1.2 2.7 16.3 

91.0 3.2 0.8 0.7 4.3 

75.3 5.0 1.7 0.4 17.6 

69.0 4.6 1.0 0.5 24.9 

69.6 4.5 0.9 0.4 24.6 

70.9 6.6 1.6 1.5 19.4 

77.3 5.7 1.5 0.7 14.8 

81.4 4.7 1.3 0.8 11.8 

82.2 5.1 1.4 0.8 10.5 

0.4 19.0 35.1 45.9 

0.1 13.1 69.5 17.3 

1.2 56.5 14.6 28.8 

0.3 5.5 83.9 10.5 

0.2 0.2 95.6 4.2 

0.4 4.4 92.1 3.5 

0.4 7.2 82.4 10.4 

3.3 3.0 91.5 5.6 

1.4 19.0 62.8 18.2 

0.2 0 88.6 11.4 

0.2 2.4 91.6 6.0 

1.1 6.5 86.9 6.6 

0.4 12.5 53.0 34.4 

0.5 5.1 88.5 6.6 

0.8 0 90.6 9.4 

0.0 1.9 94.0 4.2 

0.2 4.6 91.6 4.0 

0.0 1.6 95.5 2.9 

1.3 70.7 21.4 7.8 

1.0 10.2 85.2 4.6 

0.1 4.6 93.8 1.6 

0.3 15.4 71.0 13.6 

1.328 

1.301 

1.195 

1.322 

1.280 

1.376 

1.275 

1.276 

1.285 

1.357 

1.287 

1.317 

1.316 

1.322 

1.401 

1.309 

1.393 

1.405 

1.228 

1.244 

1.300 

1.271 

a d r y  and a s h  f r e e  b a s i s .  

bby d i f f e r e n c e .  

C 
E = e x i n i t e ,  V = v i t r i n i t e ,  I = i n e r t i n i t e .  
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TABLE 2. DEMINERALIZED COALS, VARIbL4X KOTATED FACTOR PATTERN 
FOR PRODUCT MOLECULAR WEIGHT DISTRIBUTION 

Fac to r  1 Fac to r  2 

Carbon 
Hydrogen 
Su l fu r  
Oxygen 
Nitrogen 
HMW 
MMW 
LMW 
Density -0.91986 
Ex in i t e  0.85784 
V i  t r i n i  t e  -0.72136 
I n e r t i n i t e  0.86206 
Pyridine s o l .  0.89258 

-0.80550 
0.119706 

0.73940 
0.85843 

-0.81678 
0.90740 

-0.96976 

Fac to r  3 Fac to r  4 -~ 

0.94011 

Variance explained by each f a c t o r :  
Fac to r  1, 4.836022; Fac to r  2 ,  3.347514; Fac to r  3 ,  1.793194; Fac to r  4 ,  1.681776 

TABLE 3. EXXON COAL VARIMAX ROTATED FACTOR PATTERN FOR PRODUCT 
ElOLECULAK GIEIGRT DISTRIBUTION 

Fac to r  3 Factor  4 - -  Fac to r  1 Fac to r  2 

Carbon 
Hydrogen 
S u l f u r  
Oxygen 
VM 
MM 
I n e r t  
HMW 
MMW 
LMW 

-0.85545 
0.91672 
0.65336 

0.79685 
0.53082 

0.89 172 

0.91429 

-0 .a8076 

0.93145 
0.70451 

0.96824 

Variance Explained by Each Fac to r :  Fac to r  1, 3.980301; Fac to r  2 ,  2.006584; 
Fac to r  3 ,  1.756227; Fac to r  4 ,  1.258782 
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Figure 1. Product solubility In benzene-ePhanoU as 
a function of carbon content. 
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Figure 2. Predicted benzene-ethanol solubllltles from 
multivarient least squares analysis using C and H content. 

80 

>. 
4 60 
k 
m 

0 
3 

E 
h 

40 

w a 
0 
m 2O 

0 

0 

l E m  

0 0 

@ g l  "0. 
08; 0 

Omm 0 ' 0  
00 

n o  
0 
0 DEMINERALIZED COAL 

0 EXXONCOALS 
0 0  

rn 
I I I 

20 40 60 I 

PREDICTED SOLUBILITY 

1 4  



Figure 3. GPC of the benzene-ethanol soluble portion 
from a demineralized coal(psoc 107 ). 

Figure 4. The change in relative amounts of high molecular 
species with carbon content of the coals. 
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Figure 5. Variation of the fa of benzene-ethanol 
solubles with hydrogen content for Exxon coals. 
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Figure 6. Variation of fa with benzene-ethanol solubility 
for the Exxon coals. 
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